The role of waste glass powder (GP) during the hydration process of composite cementitious materials was investigated by using mercury intrusion porosimetry (MIP), X-ray diffraction (XRD) and scanning electron microscopy (SEM) techniques. The compressive strength was also tested. The results indicate that the chemical activity of GP is low. But the pozzolanic reactivity of GP greatly improves with its fineness and the elevated curing temperature, which contributes to improving the mechanical strength. The hydration process of composite cementitious material containing GP is similar to that of pure cement. With the increase of GP content in the composite cement, the occurring time of second exothermic improves, but the value of second exothermic peak and the cumulative hydration heat reduce. The characteristic pore size of pastes containing GP decreases over curing age, which significantly improves their strength. GP does not modify the type of hydration products of composite cementitious material. The microstructure of hardened pastes containing GP is dense due to the generation of C-S-H gel with a low Ca/Si ratio. There is a reaction ring along GP with high fineness, which can enhance the interfacial transition zone to avoid ASR.
INTRODUCTION


Waste glass are largely generated from bottles, jars, windows and windshields, bulbs, cathode ray tubes, etc. In 2005, approximately 12.8 million tons of waste glass was disposed in the United States, yet only 2.75 million tons were recycled [1] . In China, approximately 4.7 million tons of waste glass is discharged every year [2] . However, not all waste glass can be recycled to produce new glass because of impurities, high cost, and various colors [3] . For instance, 1.65 million tons of waste glasses are abandoned in U.K. every year because of unsuitability for recycling [4] . Approximately 4500 tons of waste glass were recycled annually, the recycled percentage was 3.3 % and the remaining 96.7 % was sent to landfill for direct dumping [5] . The landfill treatment is carried out at tremendous cost, e.g. the New York City pays Material Recycling Facilities up to $45 per ton for the disposal of the glass, and the annual amount of waste glass generated exceeds 100,000 tons [6] .
The amount of waste glass is gradually increased with the growth in number or quantity of glass products, which calls for more landfill sites. Furthermore, waste glass is an unbiodegradable material, thus landfill cannot provide an environmental friendly solution. It is imperative to figure out an efficient and environmentally friendly way to dispose waste glass. Cement-based materials, which are largely used in civil engineering, have little restriction on the quality of raw materials, thus providing an efficient way to massively recycle industrial solid waste. Since 1970s, many researchers have studied the incorporation of waste glass as aggregate or cementitious material in concrete [7] . Kou et al. [8] focused on the use of waste glass as aggregate to produce self-compacting concrete. They found that the chloride penetration resistance improved and the air content of concrete increased with the increase of glass aggregate replacement rate. However, a major concern regarding the use of glass as aggregate in concrete is the chemical reaction between the silica-rich glass particles and the alkali in the pore solution of concrete, which may cause alkali-silica reaction (ASR) expansion and thus reduce the stability and the durability. Rachida et al. [9] revealed that only glass particle with the size more than 1 mm could lead to harmful expansion related to ASR. Other study indicated [10] that glass powder with an average size of 300 μm did not show any pozzolanic behavior. Shao et al. [11] and Rachida et al.
[12] stated briefly that ground glass powder with the size less than 38 μm exhibited a pozzolannic behavior. The smaller glass particle led to higher reactivity with lime, higher compressive strength and lower ASR expansion of concrete. It means that the ASR can be reduced or even eliminated if the particle size of GP is small enough. Because of high content of SiO2 and CaO, waste glass can exhibit a remarkably pozzolanic behavior if ground finely enough. It can substitute partial cement and act as a supplementary cementitious material [13] . Rachida et al. [14] revealed that pozzolanic reaction of waste glass powder led to the formation of C-S-H gel with a low Ca/Si ratio. This C-S-H gel could increase the density of the paste microstructure and lead to the decrease of porosity and permeability. This paper mainly focuses on figuring out the hydration activity and the strength development of paste and mortar containing GP with different fineness and under various curing conditions. Besides of the strength, microstructure of the mortars is investigated by using XRD, SEM as well as MIP. The hydration heat evolution rate and cumulative hydration heat of composite cementitious material containing GP were also measured by an isothermal calorimeter (TAM Air).
EXPERIMENTAL
42.5 Ordinary Portland cement which complies with the Chinese standard GB175-2007 is used in this study. GP is made of waste glass bottles which are crushed and ground in a ball mill after being washed and dried. In contrast with spherical fly ash particles, most GP particles with smooth surface morphology are irregular angular, blocky and clastic. The chemical compositions of cement and GP used are listed in Table 1 . From Table 1 , GP contains large quantities of active SiO2 which contributes to the pozzolanic activity when ground to certain fineness. As for the effect of fineness on the strength of mortar, this work selects the GP with two finenesses whose specific surface area are 325 m 2 /kg and 658 m 2 /kg as coarse glass powder (CGP) and fine glass powder (FGP) respectively. The hydration process of composite cementitious materials was studied under standard (20 °C) and 40 °C steam curing conditions.
The mix proportions of the pastes and mortars are illustrated in Table 2 and Table 3 respectively. Pastes with water-to-binder ratio of 0.5 were prepared for hydration heat test, MIP, XRD and SEM analysis. As the mechanical strength of the pastes is unsteady, mortars with binder-tosand ratio of 1:3 and water-to-binder ratios of 0.5 and 0.3 were prepared for compressive strength test. In accordance with GB/T17671-1999, 100 mm cubic specimens were prepared with the only modification in the fineness and curing temperature. They were cured under higher than 90 % RH and 20 ± 1 °C for 24 hours before demolded. Each half of the specimens were cured under standard and 40 °C steam curing conditions. A battery solution type compression testing machine WAY-2000 was used to measure compressive strength at 3 and 90 days. And the cores from the crushed paste specimens were collected and stored in absolute ethylalcohol in order to terminate the hydration. Then, in order to be used for XRD analyses, the samples were ground in an agate mortar and dried under 60 °C drying condition for 3 hours to avoid carbonization. MIP and SEM techniques were also employed to characterize the pore structure of pastes and morphology of mortars containing different dosages of waste glass powder under different curing conditions. 
RESULTS AND DISCUSSION
Hydration heat evolution
The hydration heat evolution rate and cumulative hydration heat of the composite cementitious materials containing GP at 20 °C are shown in Fig. 1 . a b Fig. 1 . a -hydration heat evolution rate; b -cumulative hydration heat of the composite cementitious materials
The hydration process of composite cementitious materials incorporating GP is similar to that of the pure cement. The initial hydration heat evolution rate of GP pastes which corresponds to the first peak of the curve is higher than that of the pure cement. This may attribute to that the water content in the system is relatively higher when GP partially replaces cement, thus there is more water participating in the initial hydration with cement. The reaction between water and cement releases the surface energy and promote the fast reaction of aluminates, leading to the improvement of hydration rate of the system within a short time. Then the hydration heat evolution rate decreases rapidly, and the reaction enters the second stage, i.e. dormant period. For pure cement pastes and the pastes containing 20 % and 40 % GP, the durations of the induction period increase from 1.678 h to 1.858 h and 1.874 h, respectively, and it also postpones the appearance of the second exothermic peak (9.345 h, 12.62 h, 13.114 h) (Fig. 1 a) . Furthermore, a reduction in the total hydration heat with increasing dosage of GP can be also observed (Fig. 1 b) . This may be caused by the increase of effective water due to increase of the replacement ratio of GP, which results in relatively decreased concentration of Ca 2+ in pore solution. Therefore, the dormant period in which the concentration of Ca 2+ need to reach saturation state before further hydration of GP is prolonged and the occurring time of the second exothermic peak is delayed.
Compared with pure cement, the hydration heat evolution rate and total hydration heat of the cementitious system containing GP reduce, which weakens the intensity of hydration reaction as a whole. The similar curves illustrate that GP is inert and the activity is very low in the early hydration stage. But the hydration reduces the ASR risk, and hereby improves the durability of hardened cement paste in the long run. Table 4 shows the compressive strength development of mortars with different content and fineness of GP under two curing conditions. The control sample has a higher strength than those containing GP at all curing ages under standard curing conditions. This phenomenon can be attributed to the low GP reaction level and the increase in water to binder ratio at normal temperature. Elevated temperature can advance and improve the reactivity of GP and accelerate its pozzolanic reaction, leading to the generation of more C-S-H gel, which contributes to the strength development. GP is less reactive than cement, thus the latter is prior to reacting. The prior hydration of cement could make the pH value a little higher than 13.0 in a short time [15] . The high alkalinity in matrix breaks down the silica structure of the glass, and more silica and aluminum dissolve and participate in the pozzolanic reaction [16] .
Compressive strength
As for the fineness, small particles can dissolve in the pore solution, and then participate in the pozzolanic reaction to form stable C-S-H gel with low alkalinity [17] . With respect to large GP particles, hydroxide ions generally erode and dissolve the particles, then the released SiO2 reacts with calcium hydroxide and high alkali C-S-H to form new hydration products until they all have been consumed. Then the generated low alkali C-S-H gel gradually cumulate around the GP and firmly link GP and the matrix to improve the strength.
Mercury intrusion porosimetry (MIP)
GP can significantly influence porosity, pore size distribution and pore shape of cement paste. Fig. 2 shows that the total pore volume of GP pastes is a little higher than that of pure cement paste. The hydration reactivity of GP is lower than that of cement (especially at early ages), thus generating fewer hydration products to fill the pores. But, GP changes the pore distribution of the paste. According to the pore size distribution, the pores in the paste are divided into four categories: aerogel pores (< 5 nm), mesopores (5 -50 nm), medium capillary pores (50 -95 nm) pores and large capillary pores (> 95 nm) [18] . Fig. 3 shows the pore size distribution percent of three samples at 28 and 90 days. With the increase of curing age, the capillary pores decrease and turn into mesopores. The increase of total volume and the decline of capillary pores suggest that the rise of porosity attribute to the increase of pores smaller than 50 nm and thus improves the pore size distribution effectively, which will be beneficial to the strength and durability of the cementbased materials. Fig. 4 and Fig. 5 show the hydration products of pastes under different curing conditions. Compared with the pure cement, no new diffraction peaks appears for the pastes containing GP, illustrating that GP does not modify the hydration products of the binder. The intensity of calcium hydroxide diffraction peak falls significantly with the increase GP content [19] . This may be caused by the pozzolanic reaction of GP, which consumes some Ca(OH)2 [1] . In addition, cement content, which plays a dominant role in the generation of Ca(OH)2 in the hardened pastes, decreases with the increase of GP content, contributing to the decline in number of generated calcium hydroxide.
X-ray diffraction (XRD)
When composite cementitious materials containing GP contacts with water, the clinker reacts preferentially and forms C-S-H gel, Ca(OH)2 and C-A-H etc. [20] . GP dilutes the concentration of cement, relatively improving the effective water for the cement hydration in the system. So, the reaction rate of pastes containing GP exceeds the pure cement at early hydration stage. In addition, the concentration of Ca 2+ decreases because of the relative increase of effective water, which delays the saturation of Ca 2+ and the induction period of hydration. As Ca(OH)2 generates constantly, the pH value of the liquid phase increases. The dissociated hydroxide ions destruct and dissolve the silica vitreous, rupturing Si-O-Si to form Si-OH, leading to disaggregation caused by rupture of oxobridged oxygen bond in vitreous with irregular network structure. The process is as follows.
(1) a b Fig. 2 . Effect of waste glass powder on pore size distributions of pastes at 28 days: a -cumulative curves; b -differential curves a b Fig. 3 . Effect of GP content on pore size distribution of the pastes at: a -28 days and b -90 days Simultaneously, SiO4 4-, Ca 2+ and Na + are accumulating to reach a new saturation state, the process must be long enough to make the products interplay of various ions precipitate to realize the nucleation, growth of hydrates and the formation of a mesh structure. The process can be illustrated by Eq. 2:
When the concentration of Ca 2+ is relatively insufficient for SiO4 4-, the cement hydrates C-S-H gel which has high pH value may participate in reaction to form hydrates with a low Ca/Si ratio [21] :
According to the principle of chemical equilibrium and the dissolution equilibrium theory, the precipitation of low alkali C-S-H gel consumes large quantities of ions from liquid phase, which promotes the hydration of cement and the dissolution of GP to ensure the persistence of the reaction.
The intensity of the characteristic diffraction peak of Ca(OH)2 in pure cement paste increases obviously after steam cured, which shows that high temperature can promote the hydration of cement effectively [22] . But the characteristic diffraction peak of CAH near 12° for pastes with and without GP almost disappears. This may be attributed to the conversion of calcium aluminate hydrates under high temperature. When the content of gypsum in Portland cement is low, it's possible to discern unhydrated C3A in the systerm. The existing unhydrated C3A can react with satureted sodium hydroxide solution [23] : C3A+CH12+H=C4AH13.
(4) C4AH13 can exist in alkalescent medium containing CH in ambient temperature. However, the metastable C4AH13 inclines to translate into C3AH6 under high temperature [23] . The transformation process is as follows: C4AH13+C2AH8=2C3AH6+9H.
(5) From Fig. 4 and Fig. 5 , it is obvious that the intensity o f the calcium hydroxide diffraction peak for samples cured 40 °C is higher than that cured at normal temperature. Elevated temperature can accelerate both pozzolanic reaction of GP that consumes CH and the hydration of cement which can generate CH. The amount of CH in blended binder incorporating GP depends on aformentioned two processes. All of these possible reasons cause the variation of Ca(OH)2 characteristic diffraction peak, and the total Ca(OH)2 content in the systerm. 
Scanning electron microscopy (SEM)
Fig. 6 a shows hydration products of the pure cement paste. Calcium silicate hydrate possesses a fibrous morphology, presenting itself radiated and agglomerated. It's hard to discern the needle-like ettringite from C-S-H. These hydrates overlap and connect with each other, binding unhydrated particles to form a mesh structure, which forms the skeleton of the system. The microstructure of the pure cement pastes at 28 days is porous and loose. Unlike Fig. 6 a, Fig. 6 b shows that pastes containing 20 % GP are a little denser, and it's difficult to identify hydrates in some parts. This may be attributed to that the smaller particles and wider grading distribution of GP could increase the stacking density of binders, decreasing void content in hydrates. Moreover, C-S-H gel generated from the pozzolanic reaction of GP decreases the pores volume. The shape of the C-S-H gel in pastes containing GP is abnormal short column and lamelliform, which differs from those in pure cement specimens. Fig. 6 c displays that the microstructure of the pastes containing 40 % GP is much denser. There is an obvious reaction ring along the GP. Different from ASR, there is no crack in or near the reaction ring. Pozzolanic reaction is found at the edge of particles. The generated C-S-H gel constantly fills the interfacial transition zone to ensure the consolidation of GP particles within the hydrate matrix.
CONCLUSIONS
1. GP can be used as mineral admixture in the cementbased materials. Compared with pure cement paste, the early strength of pastes containing GP is low. GP is temperature sensitive and has a higher tendency to participate in pozzolanic reaction under high temperature. GP with lower average particle size exhibits higher pozzolanic reactivity, thus improves the strength of the paste matrix. 2. The hydration process of composite cementitious material containing GP is similar to that of pure cement. With the increase of GP content in the composite cement, the occurring time of second exothermic improves, but the value of second exothermic peak and the cumulative hydration heat reduce. 3. The pore structure of pastes containing GP is much denser. The pores in the pastes containing GP become finer. 4. GP does not modify the type of the hydration products. GP pastes contain less Ca(OH)2 because of pozzolanic reaction, but elevated temperature can promote the generation of CH in the early stage. 5. GP pastes contain much more C-S-H gel, resulting in a denser matrix and higher strength. The reaction ring along hydrated GP can be discerned in paste containing 40 % GP. The pozzolanic reaction of GP with high fineness enhanced the interfacial transition zone to avoid ASR. a b c Fig. 6 . a -SEM image of cement at 28 days; b -SEM image of GP20 at 28 days; c -SEM image of GP40 at 28 days
